A thermodynamic analysis of the undercooled liquid and glass transition in the ternary Cu-Mg-Y system has been carried out. To this purpose, a number of experimental data on the amorphous phase and on the undercooled liquid has been considered (glass transition temperatures, specific heat). A proper modelling of the glass transition has been applied, which has been proved suitable for the description of thermodynamic properties of the liquid-amorphous phase. Calculated and experimental quantities show a good agreement. An improved description of the behaviour of the specific heat of the liquid phase on undercooling has been obtained. The present thermodynamic assessment is suitable for estimating the Glass Forming Ability in this ternary system.
Introduction
The Cu-Mg-Y system has generated a considerable interest in recent years because amorphous and nanocrystalline alloys can be obtained for several alloy compositions, also in bulk form. 1, 2) These amorphous alloys show interesting mechanical properties coupled to low density. They are most often obtained by rapid solidification, but copper molding and ball milling can also be applied. The Glass Forming Ability (GFA), i.e. the capacity of an alloy to be cast in the amorphous state, is strongly dependent on composition. It is thus of great interest the application of computational techniques for obtaining materials properties as a function of composition and to guide the search for new glass forming compositions.
The CALPHAD (CALculation of PHAse Diagrams) approach 3) provides a powerful tool for obtaining materials properties and it has been proven helpful in evaluating the GFA. [4] [5] [6] [7] Phase diagrams and thermodynamic quantities can then be calculated. Some authors have performed calculations on the amorphous phase by extrapolating the properties of the liquid phase to low temperature, without explicitly considering the glass transition. 4, 8) However, a proper modelling of the amorphous phase and the glass transition must be applied in order to obtain reliable results. 6) Various approaches have been proposed in the literature. 7, 9, 10) Bormann et al. 7) have considered an excess specific heat contribution in order to properly describe the behaviour of the liquid phase on undercooling. This model has been applied to several binary systems and provides an improved description of low temperature properties of the liquid-amorphous phase. Shao 9) has instead considered the glass transition as a second order thermodynamic transformation and he has applied the mathematical formalism for magnetic transitions to describe the Gibbs free energy of the liquid-amorphous phase. As for the Bormann's model, Shao's approach provide a good description of low temperature properties of the liquidamorphous phase. Furthermore, this model is suitable to describe the composition dependence of the glass transition temperature. A two-states model has also been proposed by Agren 10) and it has been applied to some pure elements and a few binary alloys.
In the present work, a thermodynamic analysis of the CuMg-Y system has been carried out with a special emphasis to the amorphous phase and the glass transition. No complete thermodynamic assessment of this system has been published in the literature yet. The only reported analysis have been obtained by merely extrapolating the binary systems 11) or by estimating the Gibbs free energy of the amorphous and solid phases by applying an extension of the semiempirical Miedema's model. 12) A number of experimental data on the amorphous phase has been incorporated in the present analysis and a comparison between calculated and experimental results has been performed. A new modelling approach for the description of the specific heat of a glass forming liquid phase on undercooling has been proposed.
Modelling
The description of the ternary liquid phase has been carried out by extrapolation from the assessed binary parameters using the conventional equation developed by Muggianu et al. 13) Furthermore, ternary interaction parameters have been considered. Accordingly, the Gibbs free energy of the liquid phase is described as
where L Cu;Mg , L Cu;Y , L Mg;Y are binary interaction parameters and 0 L Co;Cu;Fe , 1 L Co;Cu;Fe and 2 L Co;Cu;Fe are ternary interaction parameters which can be temperature dependent. In the present calculations, binary interaction parameters have been taken from literature thermodynamic assessements [14] [15] [16] whereas ternary parameters have been determined in the present work. Gibbs energies from pure elements ðG A thermodynamic model for the glass transition has recently been proposed by Shao 9) and applied to several binary systems. [18] [19] [20] [21] This approach stems from the recognition of the similarity with the paramagnetic-ferromagnetic transition (Curie transition) of thermodynamic quantities as a function of temperature. According to this model, a further contribution to the Gibbs free energy must be considered due to the liquid-amorphous transition:
where ¼ T=T g is the reduced glass transition temperature, T g is the glass transition temperature, is a parameter related to the specific heat change at T g and gðÞ is expressed as a series expansion according to Hillert and Jarl. 22) From eq. (2), the maximum change in entropy and enthalpy due to amorphous phase formation is
For a ternary system, both and T g are described as RedlichKister-Muggianu polynomials:
where T 9) The parameters 0 and Ã 0 , which determine the composition dependence respectively of T g and , are assessed according to the CALPHAD approach using experimental data on the glass transition temperature, crystallization enthalpy, specific heat of the liquid phase on undercooling.
Despite the successful application of the Shao's approach to several binary systems, this model is not completely suitable to describe the behaviour of the specific heat of a liquid phase on undercooling. Kubaschewski 24) has suggested the following expression for the specific heat of a liquid phase:
where R is the gas constant and a and b are fitting parameters. This expression provides a good description for the C p on undercooling but does not account for glass transition.
In the present work, a modification of Shao's model has been applied to describe the glass transition, in which the polynomial expression above T g has been modified according to eq. (7). Thus, the liquid phase has been described according to eqs. (1), (2), (5), (6) . Above T g , Hillert and Jarl's polynomial gðÞ has been modified by adding some polynomial terms according to eq. 7.
Binary Boundary Systems
In order to describe the ternary Cu-Mg-Y system, binary Table 1 ). The calculated boundary binary phase diagrams are also reported.
parameters must be used. The binary boundary Cu-Mg, Cu-Y and Mg-Y phase diagrams have already been assessed in the literature by other authors and are shown in Fig. 1 . The Cu-Mg phase diagram has two intermetallic compounds Cu 2 Mg (Laves phase) and CuMg 2 . The most recent thermodynamic description of the Cu-Mg system has been carried out by Liang et al. 25) as part of the modelling of the ternary Cu-Mg-Zn system. However, this description rely on the thermodynamic assessment carried out by Coughanowr et al., 14) with only minor modifications in order to describe the Cu 2 Mg Laves phase by applying the sublattice model.
The Cu-Y system has been recently experimentally investigated and thermodynamically assessed by Fries et al. 15) Several intermetallic phases are present in this system: CuY, Cu 2 Y, Cu 7 Y 2 , Cu 4 Y, Cu 6 Y. The last one shows a homogeneity range with a certain extension and has been modelled by applying the sublattice model. The Y lattice stabilities adopted by Fries et al. has been taken from the compilation of A. T. Dinsdale. 26) However, a revision of the Gibbs free energy of pure Y phases has recently been carried out and incorporated in the SGTE Pure database v. 4. These revised Gibbs free energies have been applied in this work, which implies a slight difference in the calculated phase diagram with respect to the published one.
The binary thermodynamic parameters for the Mg-Y system has been optimized by Fabrichnaya et al., 16) who obtained an improvement of previous reported phase diagram assessments. Three intermetallic phases Mg 24 Y 5 , Mg 2 Y and MgY are reported in the system and an extended solubility of magnesium in yttrium can be noticed. All the intermetallic phases present a rather wide solubility range and are described by the sublattice model.
None of the previous binary assessments has included a thermodynamic modelling of excess specific heat contributions in the liquid phase and of the amorphous phase. In principle, a revision of these binary thermodynamic assessments should be desirable, in which the liquid phase is properly described. However, only a limited amount of experimental data have been reported in the literature on these binary amorphous alloys, regarding the Cu-Mg system only. On the contrary, ternary amorphous alloys at several different compositions have been obtained in the literature and bulk glass formation has also been reported. Thus, the addition of a third component to a binary alloy greatly improves the glass forming ability and as a consequence excess specific heat contribution should be more important in the ternary system instead of binary ones. In the present optimization then no revision of the binary systems has been carried out.
Literature Experimental Data
A considerable amount of experimental data has been reported in the literature on Cu-Mg-Y liquid and amorphous alloys. Measurements of the enthalpy of mixing and activities in the liquid phase along several isopleths have been performed by Ganesan et al.
27) The Glass Forming Ability in the system has been investigated by several authors 1, 2, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] and experimental determinations of glass transition temperatures and enthalpies of crystallization are available in a wide composition range in the Mg-rich corner. A summary of experimental data on glass transition temperatures is reported in Table 1 . In Fig. 1 , a section of the ternary diagram is shown with the composition points where fully (or partially) amorphous and crystalline samples have been obtained. Glassy alloys have been obtained also for some binary 40) All these data have been used in the present thermodynamic optimization.
Only one ternary compound has been reported in the literature whose composition is Cu 2 Y 2 Mg.
42)

Results and Discussion
On the base of the modelling approach described in the previous section, a thermodynamic assessment of the ternary liquid phase and of the glass transition has been carried out by using the PARROT module of the ThermoCalc software. A first optimization step has been carried out by considering only equilibrium experimental data, i.e. enthalpy of mixing and activities in the liquid phase. Afterwards, data on the amorphous phase and glass transition have been incorporated. Final optimized parameters are reported in Table 2 . Figure 2 shows a comparison between calculated and experimental enthalpy of mixing of the liquid phase for two isopleths of the ternary diagram. For comparison, results obtained from a mere extrapolation of binary parameters according to Kim et al. 11) are also shown in Fig. 2 . The present calculations report a better agreement with respect to previous calculations by Kim et al. It is also noteworthy that calculated results obtained in the first optimization step (not shown), by using only equilibrium data, are very close to results obtained by including non equilibrium data. This is reasonable since the inclusion of metastable phases in a phase diagram does not have to modify the equilibrium description.
The application of the modelling approach depicted in the previous section to the glass transition has lead to very satisfactory results. Calculated glass transition temperatures along three sections of the ternary diagram are reported in Fig. 3 with the corresponding experimental data. In every case the calculated curves reproduce well the trend of the measured T g . The glass transition temperature at the composition Cu 25 Mg 65 Y 10 has been measured by several authors and the scatter which is expected on this kind of experimental data is evidenced. Accordingly, the agreement between calculations and experiments can be considered satisfactory. A rather large difference can be noticed between the two experimental values of T g for the binary composition Cu 30 Mg 70 . According to the trend shown by ternary data, the calculated result seems reasonable and fall in between the experimental data.
In Fig. 4 , experimental data of the specific heat (C p ) of the liquid phase as a function of temperature are reported together with calculated results according to various degrees of approximation in the modelling approach adopted. Experimental data have been obtained both above the melting temperature (equilibrium data) and on undercooling in a limited range close to T g . As a general feature, the specific heat of a glass forming metallic liquid phase shows a rising trend on undercooling up to the occurrence of the glass transition, when the C p suddenly drops to values near to the 
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Cu;Mg;Y 0 À2.61E + 03 specific heat of solid crystalline phases. This general trend is confirmed by the experimental data in Fig. 4 . Without considering any modelling of glass transition, calculated specific heat results in Fig. 4 clearly underestimate the experimental values, especially on undercooling, and no glass transition occurs. By applying the model proposed by Shao, the glass transition is correctly described and glass transition temperature is in good agreement with experimental values. However, the calculated specific heat is still underestimated. The application of the simple Kubaschewski's formula (eq. 7) allows to obtain a good fit of the experimental data, as already pointed out by Busch et al. 40) However, glass transition is not considered and at low temperatures the C p reaches high values. With such high values, the corresponding entropy of the liquid phase would fall to values which are lower than the entropy of solid crystalline phases and the Kauzmann's paradox occurs. 43) On the contrary, the calculations according to this work show both a good description of the glass transition and a good agreement with experimental data of specific heat.
Another comparison between calculated and experimental results is reported in Fig. 5 where the difference between the specific heat of the liquid and crystalline equilibrium phases is reported for an isopleth as a function of Cu content at 450 K. The specific heat of solid crystalline equilibrium mixture has been estimated according to Neumann-Kopp empirical rule. The agreement between calculations and experimental findings is satisfactory. The present description of the liquid-amorphous phase is thus in good agreement with experimental data on both equilibrium and metastable phases. However, the correction applied to the specific heat on undercooling leads to a stabilization of the liquid phase at low temperatures, i.e. the liquid Gibbs free energy is decreased at low temperatures with respect to thermodynamic calculations obtained from extrapolation of binary parameters. As a result, the liquid phase remains stable with respect to solid binary phases at 300 K for compositions corresponding to the middle of the ternary diagram. However, it must be pointed out that the only ternary compound Cu 2 Y 2 Mg reported in the literature has not been included in the present description. Furthermore, it is probable that the number of ternary compounds in this system is rather high. In fact, in the similar system CuMg-La twelve ternary phases have recently been found. 44) In addition, several papers report difficulties in the interpretation of X-ray diffraction data of ternary alloys which could be attributed to the presence of other ternary compounds not yet reported in the literature. The presence of ternary compounds could significantly change low temperature, equilibria especially in the central part of the ternary isothermal section, thus overcoming the excess stability of the liquid phase. These uncertainties on equilibrium ternary phases are also a serious drawback in assessing the crystallization enthalpy data. In fact, these experimental data rely not only on the liquid phase but also onto the crystallization products. For this reason, they have not been considered in the present optimization.
Conclusions
A first thermodynamic description of the undercooled liquid and of the amorphous phases has been achieved in this work by applying the CALPHAD approach.
An improved thermodynamic modelling approach has been adopted for the simultaneous description of the glass transition and of the thermodynamic properties of the liquid phase. A good agreement has been obtained between calculated and experimental equilibrium and non-equilibrium quantities. The agreement is especially satisfactory for glass transition temperatures and the specific heat of the liquid phase with respect to previous calculations. This new description provides a more stable liquid phase which further require the incorporation of ternary compounds to be completed and fully exploited.
